The vibration control of structures is a valuable technique to increase their integrity and life-cycle. Among smart materials, the passive and active control systems based on piezoelectric elements have been studied in depth. Since the size and location of the piezo-elements on the structure are relevant matters for the damping efficiency, many works have focused on their placement optimization. Under certain circumstances, some structures may be excited by more vibration modes at the same time; hence, the signal conditioning system of the piezoelectric actuators must be capable of adjusting the driving signal in terms of voltage distribution, frequencies and associated amplitudes in order to maximize the damping efficiency. Moreover, in some applications, it could be useful to individually control each actuator therefore tailor-made power supply and signal generation systems are often necessary. This work suggests a low-cost and reliable workbench that overcomes the afore mentioned problems. The system consists of: (1) two arrays of 13 piezoceramic plates which have been glued on an aluminium beam, (2) ad hoc power supply equipment, and (3) mechanical relays arrays managed by a microcontroller for the individual handling of their operating modes. Furthermore, an Arduino board and an in-house software have been implemented in order to perform a task on each relay that is in turn wired to a single piezoelectric plate (PP). The performance of the developed system is evaluated in terms of noise and distortion of the testing signal measured at different points of the workbench. The results show that the proposed workbench may represent a good trade-off between affordability, accuracy and reliability and it can be used for several research purposes.
Introduction
The vibration control is a topic of great interest in many technical fields [1] [2] [3] [4] [5] [6] [7] [8] [9] . In gas turbine engines, e.g., the vibrations are often produced by interactions between blades and fluid and the corresponding fatigue phenomena can lead to catastrophic failures [10] [11] [12] [13] [14] [15] [16] [17] . If an active vibration mitigation system based on piezoelectric actuators is considered, the voltage distributions to the elements is a relevant issue for the damping efficiency [6] [7] [8] [18] [19] [20] [21] . However, the use of piezoelectric actuators may involve high voltage (hundreds of Volts) to produce adequate force and displacement so a proper power supply and signal conditioning systems are required. High voltage amplifiers are necessary to magnify the piezoelectric actuator driving signal but, as a consequence, the equipment involves high costs. In this regard, a commercial low-noise (100 µV RMS -25 mV RMS ) single-channel benchtop amplifier typically provides ± 200 V with costs ranging from 2000$ to 4000$. Moreover,
•
the workbench must be powered by a dual-channel DC power source (12-16 V DC , 0-2.5 A for each channel);
• according to the Pin Force model [6] each PP couple (upper and lower plate) must be driven by the same signal (single or dual-tone), but one must be in opposition phase with respect to the other;
• the PP driving signal must be adjustable in frequency (range 10 Hz-2 kHz) and tone amplitude (up to 450 V);
• two operating modes of the PPs couples must be included;
• the PP signal must be unaffected by the number of activated PP couples;
• the PP couples operating modes must be managed by a remote PC.
In the current study, the whole workbench is presented and discussed in depth and a quality signal assessment has been performed on some key workbench components in the last Section. The corresponding values of the Signal-to-Noise And Distortion ratio (SINAD) and the Total Harmonic Distortion (THD F ) have been evaluated by means of ten repetitive measurements as to the output signal of: (1) function generator, (2) piezo amplifiers, and (3) the actual signal delivered to each PP.
Materials and Methods
To damp the bimodal flexural vibrations, by piezoelectric active device, a new model for the electrical potential distribution has been proposed [22] . To summarize briefly, if ω i 1 , ω i 2 are the excited angular frequencies, r the relative contribution to the excitation induced by the second mode with respect to the first one and using the following expression for the voltage supplied to the piezoelectric plates:
The optimal potential distributions, for the various coupling modes, are represented in Figures 1 and 2 where x is the dimensionless length of the beam. For example, by analyzing Figure 1 and considering r = 1, the potential applied to the actuators located from the joint to x = 0.216 must be the opposite of that applied to the other, in such a way it is possible to optimally damp the second flexural mode. From a closer inspection of the graphs in Figure 2 , it can be seen that, in accordance with the coupled modes and r values, up to 4 potential sign switches could be necessary to optimize the distribution of the potential (see the lower right graph in Figure 2 ). in some applications, higher voltage is necessary and multiple piezoelectric actuators must be driven so that more amplifiers are required. In this regard, the present work suggests a low-cost and low-noise alternative equipment to individually manage two arrays of PPs. According to the above considerations some target requirements, which must be accomplished by the proposed workbench are identified:
• the workbench must be powered by a dual-channel DC power source (12-16 V DC , 0-2.5 A for each channel); • according to the Pin Force model [6] each PP couple (upper and lower plate) must be driven by the same signal (single or dual-tone), but one must be in opposition phase with respect to the other; • the PP driving signal must be adjustable in frequency (range 10 Hz-2 kHz) and tone amplitude (up to 450 V); • two operating modes of the PPs couples must be included; • the PP signal must be unaffected by the number of activated PP couples ; • the PP couples operating modes must be managed by a remote PC.
The optimal potential distributions, for the various coupling modes, are represented in Figures 1  and 2 where x is the dimensionless length of the beam. For example, by analyzing Figure 1 and considering r = 1, the potential applied to the actuators located from the joint to x = 0.216 must be the opposite of that applied to the other, in such a way it is possible to optimally damp the second flexural mode. From a closer inspection of the graphs in Figure 2 , it can be seen that, in accordance with the coupled modes and r values, up to 4 potential sign switches could be necessary to optimize the distribution of the potential (see the lower right graph in Figure 2 ). To experimentally validate this model, a low-cost experimental setup has been realized. In this section the concept that underlies the circuit will first be described by means of a block diagram and then, in further detail, the functionality of each component will be disclosed. From an operational point of view, two arrays of 13 piezoelectric PZT plates (PI Ceramic PIC255) have been mounted on an aluminium cantilever beam (see Figure 3 ) so that 2 13 = 8192 PPs working configurations for each operating mode ( Figure 4 and Table 1 ) can be obtained. Two consecutive piezoelectric plates can be considered practically joined together; in fact, the total gap (considering all the 13 PPs) is estimated to be 1 mm. To experimentally validate this model, a low-cost experimental setup has been realized. In this section the concept that underlies the circuit will first be described by means of a block diagram and then, in further detail, the functionality of each component will be disclosed. From an operational point of view, two arrays of 13 piezoelectric PZT plates (PI Ceramic PIC255) have been mounted on an aluminium cantilever beam (see Figure 3 ) so that 2 13 = 8192 PPs working configurations for each operating mode ( Figure 4 and Table 1 ) can be obtained. Two consecutive piezoelectric plates can be considered practically joined together; in fact, the total gap (considering all the 13 PPs) is estimated to be 1 mm. To experimentally validate this model, a low-cost experimental setup has been realized. In this section the concept that underlies the circuit will first be described by means of a block diagram and then, in further detail, the functionality of each component will be disclosed. From an operational point of view, two arrays of 13 piezoelectric PZT plates (PI Ceramic PIC255) have been mounted on an aluminium cantilever beam (see Figure 3 ) so that 2 13 = 8192 PPs working configurations for each operating mode ( Figure 4 and Table 1 ) can be obtained. Two consecutive piezoelectric plates can be considered practically joined together; in fact, the total gap (considering all the 13 PPs) is estimated to be 1 mm. Figure 4 . Illustration of the i-th combination of Table 1 .
In order to accomplish all these combinations the following block diagram of the workbench is proposed ( Figure 5 ): The function generator (YOKOGAWA FG420) was used to provide the signal (1) . Since a standard function generator cannot provide more than 20 V pp (v 0max = 10 V) for each channel and by referring to the target requirements each PP may be supplied with v 0 which may reach up to 450 V, a signal In order to accomplish all these combinations the following block diagram of the workbench is proposed ( Figure 5 Figure 4 . Illustration of the i-th combination of Table 1 .
In order to accomplish all these combinations the following block diagram of the workbench is proposed ( Figure 5 ): The function generator (YOKOGAWA FG420) was used to provide the signal (1) . Since a standard function generator cannot provide more than 20 V pp (v 0max = 10 V) for each channel and by referring to the target requirements each PP may be supplied with v 0 which may reach up to 450 V, a signal The function generator (YOKOGAWA FG420) was used to provide the signal (1) . Since a standard function generator cannot provide more than 20 V pp (v 0max = 10 V) for each channel and by referring to the target requirements each PP may be supplied with v 0 which may reach up to 450 V, a signal amplification stage is required. Considering that a commercial high voltage power supply could cost up to 2000-4000$, in order to dramatically reduce the costs an amplifier power supply device has been designed and built. In Figure 6 its working principle is reported. It consists of: two high efficiency DC-AC step-up power converters, two diode bridges, two linear high voltage regulators and two potentiometers. Each DC-AC step-up power converter provides 320 V AC which is rectified by the diode bridge. In order to obtain ± 450 V DC the power converters were interconnected as shown in Figure 6 . To allow the adjustment of v 0 two linear high voltage regulators were used and they can provide a v 0 from ±50 V DC to ±450 V DC depending on the potentiometers setting. As can be seen by Figure 6 , the high voltage regulators are equipped with an internal feedback which is linked to the corresponding potentiometer, in such a way that they keep the chosen output voltage constant (±5%) even if the electrical load changes.
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Results
In different application areas (wireless signal communication [23] , mechanical vibrations measurement [24] , transimpedance amplifier characterization [25] , parametric multicasting mixer noise evaluation [26] , ADC testing [27, 28] , low voltage non-linear power sources [29] , electric power quality monitoring [30, 31] ) the SINAD (Signal to Noise and Distortion ratio, in dB) and the THD F (Total Harmonic Distortion, in %) were adopted to evaluate the workbench performance in terms of noise and distortion. The THD F was calculated as: 
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where A n is the amplitude of the n-th harmonic, A 1 is the amplitude of the fundamental harmonic and m is the highest harmonic considered (7-th). The SINAD is the ratio of the RMS signal amplitude to the RMS sum of all other spectral components (excluding the DC component):
where F, N, H are, respectively, the fundamental, noise and harmonic RMS levels. The workbench previously described is composed of several components such as the waveform generator, the two piezo amplifiers and the array of relays (see Figure 7 ) and some of them may introduce noise and distortion in the signal delivered to each PP. A sinusoidal test signal (v 0 = 15 V pp , frequency corresponding to the first eigenfrequency of the beam) was set on the function generator and ten repetitive measurements were performed for the output of (refer to Figure 7 ):
1. the FUNCTION GENERATOR; 2.
the AMP INV; 3.
the AMP NOT INV.
All the tests were performed by executing the first and i-th combinations of Table 1 . The average THD F for the function generator is very low as can be expected (uncertainty expressed as standard deviation), while the outputs of the amplifiers exhibit a slightly higher distortion. In Table 2 the measured values of SINAD and THD F are reported for the afore mentioned components. Finally, the same measurements and analysis were applied on the voltage actually delivered to each PP and the SINAD and THD F were assessed (Tables 3 and 4) . From a closer analysis of the SINAD and THD F data of Tables 3 and 4 it can be seen that the performance of the workbench are substantially stable even if two different potential distributions are considered. In conclusion a quite low signal distortion is confirmed through the whole workbench components and the stability of the system has been also verified.
Conclusions
In the present work, a low-cost workbench to experimentally reproduce the optimal potential distribution on PPs couples has been proposed. Furthermore, a LabView software has been developed to manage the Arduino microprocessor and collect the data from a sensor. One of the possible applications of the workbench could be the bimodal vibrations damping of a beam (by means of the optimal potential distribution). In order to evaluate the workbench performances in terms of noise and distortion, a characterization was carried out by means of SINAD and THD F assessment for different devices output (function generator, amplifiers and PPs input voltages). The results confirm a low signal distortion for all the devices and a substantial performance uniformity for different potential distribution configurations.
Future developments of this research aim to apply the present workbench and the optimal voltage distribution strategy to complex geometry beams, in which the flexural-torsional vibrations are coupled. In such a way it could be possible to damp the bimodal vibrations on turbomachinery rotor blades in order to enhance the fatigue-life of such components.
